Abstract. The myenteric plexus of the proximal colon, midcolon, and distal colon was studied in mice chronically infected with the Y strain of Trypanosoma cruzi by means of histochemical methods for NADH-diaphorase and acetylcholinesterase (AChE) on whole mount preparations. Ganglia of infected mice displayed an irregular distribution, with neurons severely altered in form and were found side by side with slightly degenerated or morphologically normal ones. Significant reductions of at least 36% in the numbers of neurons were recorded in all regions of the colons of infected animals, especially in the distal colon where the neuron number decreased by more than 44%. Measurements of neuron size suggest that the neuronal destruction caused by T. cruzi affected the medium and large neurons. The small neurons apparently were not affected by the infection. The histochemical demonstration of AChE by the direct coloring copper ferrocyanide method showed that in the control animals, most of the neurons of the plexus displayed AChE activity in the cytoplasm although the neurons showed different reaction intensities. The AChE activity was also present, but at a lower intensity, in the myenteric plexus of the colons of infected animals. These results suggest that the T. cruzi infection affects some categories of neurons and implies that some particular enteric neurotransmitter systems could be affected and the potency of their action upon intestinal function consequently reduced.
The digestive form of Chagas' disease involves denervation of the myenteric plexus, which influences disturbances of motility and absorption. 1 The extent of the neurolysis will determine the severity of the sequelae and the patient's future degree of clinical adaptation. 2 Studies involving the myenteric plexus of the colon of animals chronically infected with Trypanosoma cruzi have been carried out and have demonstrated a reduction of 34-37% of the neuronal population. 3 , 4 Okumura 5 found that 65% of the ganglion neurons of the mouse colon may be destroyed in experimentally infected mice. These studies were done in histologic sections made in the plane of the plexus. However, these sections rarely pass through more than a few ganglia simultaneously, while whole mount preparations, in which the muscle layers are stretched on a plane, can display the whole plexus. 6 Furthermore, the use of whole mount preparations presents the myenteric plexus as a monolayer of nerve cells, and it has therefore been possible, in parallel with neuron counts, to make measurements of neuron somata of unsectioned nerve cells. 7 Therefore, in this study, we used laminar preparations of the mouse colon to 1) quantify the loss of myenteric neurons that occurred with T. cruzi infection, 2) see whether any particular size grouping of neurons is affected, and 3) determine the activity of acetylcholinesterase (AChE) in the myenteric plexus of the mouse colon chronically infected with T. cruzi.
MATERIALS AND METHODS
Twenty male Swiss mice weighing 20-25 g (13-15 weeks old) were intraperitoneally inoculated each one with 1,000 trypanosomes of the Y strain 8 of T. cruzi. Ten mice of the same strain, sex, and weight were used as controls. Control and T. cruzi-infected mice were killed under anesthesia 60 days after inoculation.
Dehydrogenase histochemical reaction. Seven animals from each group (control and infected) were killed with an overdose of ether, and the colon was immediately washed free of fecal matter in Krebs' solution. The colon was then ligated with cotton thread at each end and gently distended with oxygenated Krebs' solution, which was introduced by a syringe at one end. The NADH-diaphorase method 9 was used for staining neurons and ganglia in whole mount preparations. The colon was preincubated in Krebs' solution (8-15 min) containing 0.3 % Triton X-100 (Sigma, St. Louis, MO), washed in two changes of Krebs' solution over a period of 10 min, and transferred to the incubation medium for 1 hr at room temperature. The incubation medium contained nitro-blue tetrazolium (Sigma), 0.5 mg/ml in distilled water (25 parts), 0.1 M sodium phosphate buffer, pH 7.3 (25 parts), distilled water (50 parts), and ␤-nicotinamide adenine dinucleotide, reduced form, 0.5 mg/ml. The volume of the medium was 80 ml for each colon. After incubation, the reaction was stopped by transferring the colon to neutral-buffered formaldehyde solution for at least 24 hr. The colon was then divided into three segments of the same length (proximal colon, midcolon, and distal colon). Laminar preparations of the pieces were then made as follows. The segments were cut open along the mesenteric attachment and pinned out on dental wax with the mucosal surface uppermost. The area of each segment was measured, the mucosa and submucosa were removed, and the muscularis externa was mounted in glycerol jelly on a microscope slide with the outer surface uppermost.
Morphometry. Neuron counts were made directly on the laminar preparations by microscopy using a 40ϫ objective fitted with a grid type of graticule. Fifty fields randomly chosen were counted on each preparation, for a total area of 7.0 mm 2 . Using a hand-held tally counter, all the neurons within the grid were counted with the exception of those impinging on the right and lower borders but including those impinging on the upper and left borders. The total number of neurons in each segment was then calculated using the serosal surface area of each segment.
Neuron somata area measurements were made on 100 randomly chosen cells in each laminar preparation. The microscope image was projected to a monitor and neuron somata were outlined on a digitizing tablet interfaced with a Kontron-300 image analyzer (Kontron Elektronik, Eching/Munich, Germany).
The data from the two groups were tested for significance using the Student's t-test.
Acetylcholinesterase-containing nerves. For the histochemical demonstration of AChE, the direct coloring method introduced by Karnovsky and Roots 10 was used. The muscularis externa of the colons from three mice of each group were prepared as whole mount preparations. Tetraisopropyl pyrophosphoramide (2 ϫ 10 Ϫ4 M) (Sigma) was used as an inhibitor of nonspecific cholinesterase. After incubation, the pieces were dehydrated in 100% ethanol, cleared in toluene, and mounted in Permount on a glass slide with the serosal surface side up. The specimens were then examined by light microscopy.
RESULTS
Examination of the NADH-stained preparations from control group showed the ganglia of Auerbach's plexus of the proximal colon as polygonal, ring, or star-like structures ( Figure 1A ). In the midcolon, the ganglia were progressively elongated and in the distal colon they were frequently elongated and thin and parallel to the circumference of the colon. Most of the NADH-stained neurons were round and formed a heterogeneous-sized population. The neurons were packed in a characteristically tight fashion, although there was only a small degree of overlap between adjacent neurons ( Figure  1C ). Many of the neurons were large, up to 400 m 2 in area, with a large, central nucleus ( Figure 1C ). There were also medium and small neurons displaying only a rim of cytoplasm around the nucleus ( Figure 1C ).
In the three regions of the colon of the chagasic animals, the myenteric plexus was less denser and more irregular in form, and the ganglia was much more varied in shape and size than in the control animals ( Figure 1B and D) . The number of neurons was visibly reduced in this group ( Figure  1B) . Several ganglia had less densely packed neurons and the shape of the neurons was altered, being elongated (Figure 1D) . No inflammatory infiltrate was observed because the staining technique does not allow for this determination.
The myenteric plexus from control animals was readily detected in whole mount preparations stained for AChE. The ganglia and the nerve bundles were stained and formed a network ( Figure 1E) ; all the neurons of the plexus displayed AChE activity in the cytoplasm, although the intensity of the reaction varied to one cell to another ( Figure 1E and H) . Nerve fibers were also stained for AChE within the longitudinal and circular layers of the tunica muscularis ( Figure  1E ).
In whole mount preparations of the colon from chagasic mice, many of the neurons and nerve fibers of the myenteric plexus clearly displayed lower AChE activity ( Figure 1F and G).
The numbers of neurons in the three regions of the colon studied in both groups are summarized as the mean Ϯ SEM in Table 1 . In all cases, there was a significant difference (P Ͻ 0.05) in neuron number between the control and chagasic animals. All regions of the colon showed decreases in myenteric neuron number of at least 36%. The most pronounced decrease was 44% in the distal colon. The size of neurons (cell profile area) ranged from approximately 80 to 600 m 2 in the control group and from approximately 60 to 580 m 2 in the chagasic group. Based on their sizes, neurons have been grouped into three distinct categories: small (60-200 m 2 ), medium (201-400 m 2 ), and large (401-600 m 2 ). The percentage of each neuron type was obtained for both groups and the total number of each neuron type was calculated for the three segments of the colon (Figure 2 ). The differences in the numbers of medium and large neurons between control and chagasic animals were significant (P Ͻ 0.05). There was a significant decrease in the numbers of medium and large neurons in the chagasic animals (P Ͻ 0.05).
DISCUSSION
The usefulness of the enzyme histochemical technique developed by Gabella 9 for the study of the number and distribution of enteric neurons has been amply demonstrated by several investigators. 7, 9, 11, 12 In the present investigation, this technique has shown that the NADH reaction can be used to stain neurons in the tissues taken from chagasic animals. Using this technique, it was observed that in this experimental group there were areas in which the ganglion neurons were absent, in some areas no plexus was seen, but in others an anatomically normal plexus was seen. An additional feature was the alterations in the shape of many myenteric neurons. This pattern was reproduced in all seven infected animals with some variation.
The present results demonstrate that the model of the infection with Y strain of T. cruzi used in this investigation led to denervation of the myenteric plexus of the three segments of the colon. Although the relationship between the denervation and pathology has been studied extensively, there has been no satisfactory explanation for the mechanism of neuronal destruction. Since neurons are only rarely parasitized in T. cruzi infections, 2 their destruction is unlikely to be a direct effect of parasite invasion. The degenerative lesions of the neurons appear immediately after the rupture of the pseudocysts, before the inflammatory reaction appears. Therefore, the subsequent inflammation cannot be the cause of the neuron lesion. 2 It has been suggested that neuronal destruction might be produced by a neurotoxin-like substance, 2 or by an autoimmune response elicited by parasite antigens that cross-react with host tissue components, 13 although an autoimmune reaction would not require the presence of parasite antigen.
It has been postulated that neuronal destruction leads to the phenomenon of denervation hypersensitivity that characterizes the chronic form of Chagas' disease. 14 Increase in post synaptic, AChE receptor number is a classic response to denervation and is responsible for the resulting hypersensitivity. 15 Studies performed in skeletal muscle from mice infected with T. cruzi provided additional support that de- * Data are reported as the mean Ϯ SEM for seven animals from each group (control and chagasic). No significant differences were detected in the three regions of the colon in the control group. nervation hypersensitivity is an important component of Chagas' disease. 14 Of particular interest in the data of the present work is the relationship between neuronal destruction by T. cruzi infection and neuron size. Therefore, it appears that neuronal destruction is selective and affected particularly the medium and large neurons. Another possible explanation for these data is that the neurons are shrinking, perhaps as part of the pathogenic process, rather than the selective death of the larger neurons. However in this case, we would have an increase in the total number of the small neurons; since there was no changes in the number of small neurons, it appears that neuronal destruction affected the medium and large neurons. If we accept the autoimmune hypothesis to explain the neuronal destruction, the T. cruzi antigens would be detected particularly on medium and large neurons.
All colonic myenteric neurons showed AChE activity. The cholinergic neurons excite the intestinal smooth muscle. 16 The reduction of AChE activity in the neurons and fibers of chagasic animals suggests that in this group there is a reduction in the content of acetylcholine in the neurons and fibers, although AChE-positive neural elements need not necessarily be cholinergic since adrenergic and non-adrenergic and non-cholinergic neurons may display AChE positivity. [17] [18] [19] From a functional standpoint, the reduction in the content of acetylcholine in the myenteric neurons would decrease the sensitivity of the smooth muscle of the colon to acetylcholine and consequently reduce the contractile capabilities of this muscle.
In recent years, several reports have shown evidence for other gastrointestinal transmitter substances in addition to AChE. 7 Among the substances that have been localized in enteric neurons somata are vasoactive intestinal peptide, nitric oxide, 20 somatostatin, tachykinins (substance P), 21 calcitonin gene-related peptide, enkephalin, neurotensin, gastrin, [22] [23] [24] galanin, 25 and ␥-aminobutyric acid transaminase. 26 The measurements of the neuron areas in the two groups (control and infected) and the significant difference between them suggest that there is a preferential loss of a particular size category, with some types of neurons being susceptible.
Thus, some of the enteric neurotransmitter systems could be affected by the decrease in neuron numbers and the potency of their action upon intestinal function consequently reduced. After the esophagus, the colon is the next most frequently affected segment of the gastrointestinal tract in the patients with chronic Chagas' disease. 27 The morphologic and morphometric changes observed in the myenteric plexus of the colon is the problem underlying the colonic dysfunction and related symptoms that occur in some patients. 2 There are alterations in secretion, absorption, and motility. When neuronal destruction of myenteric plexus reaches a certain pro-portion, the entire motor activity of the organ disorganizes, and in a more advanced degree, megacolon appears. 28 
